Intensity and directions of natural remanent magnetization and their stability against alternating field demagnetization as well as thermomagnetic behavior, opaque mineralogy and chemical composition of constituent ferromagnetic minerals have been extensively investigated with pillow and dyke basalts, dolerites, gabbros and ultramafic rocks composing the Hayama-Mineoka and Setogawa ophiolite complexes.
Introduction
Ophiolite complexes comprising cherts, pillow and dyke basalts, gabbro and ultramafic rocks are now commonly thought to represent obducted oceanic upper lithosphere. Investigation of magnetic properties of ophiolite rocks is important from the following two points of view;
(1) It may provide direct information on the magnetic structure of the deeper ocean crust and uppermost mantle, which are thought to be the source layer of the marine magnetic anomalies.
(2) Mode of emplacement of the ophiolite complexes as well as the paleolatitude of their original sites of formation may be inferred, if their paleomagnetic stability and reliability are confirmed by several tests.
Deep Sea Drilling Project (DSDP) performed by the drilling vessel Glomar Challenger has penetrated the oceanic igneous basement as deep as 1,076m in Leg 83. A great number of samples have been furnished for magnetic measurement both onboard and shore-based, and plenty of interesting results have been reported. However, length of the present borehole might not be sufficient to penetrate the entire thickness of the crustal layer responsible for the linear magnetic anomalies.
Recent progress in the study of longer-wavelength magnetic anomalies observed by surface ships and satellites (e.g. NoMURA, 1979) has indicated that their source is deeper than the ocean layer 2 and might perhaps be below the Moho, which is far beyond the drilling capabilities of any available drilling vessels.
Magnetic information of ophiolite samples will, therefore, be crucial to the understanding of sources of longer-wavelength anomalies. An apparent difficulty which many investigators of paleomagnetic and rock magnetic properties of ophiolite complexes have often encountered is that most of the rocks have undergone severe alteration and metamorphism. The original magnetic properties of rocks may have completely been lost by later thermal and chemical distrubances so that the magnetic structure of deeper crust and mantle may not be reproduced.
The authors have collected more than 500 samples from 45 widespread sites in the Hayama-Mineoka and Setogawa belts at which Cenozoic ophiolite complexes are exposed. Intensity and directions of natural remanent magnetization, their stability against alternating field demagnetization, characteristics of anhysteretic remanence and thermomagnetic properties, opaque mineralogy and chemical composition of constituent ferromagnetic minerals have been extensively investigated.
Tectonic implications of the paleomagnetic results as well as analyses of relevant geophysical data will be published elsewhere (TONOUCHI and KOBAYASHI, 1983 so that magnetic characteristics of the ophiolite complexes and adjacent rocks will be described in this paper with emphasis on the effect of oxidation and reduction of ferromagnetic minerals on the intensity and directions of the natural remament magnetization (NRM) of rocks.
Geological Background
The Hayama-Mineoka ophiolite belt is exposed in the southern portion of Boso and Miura Peninsulas about 50km south of Tokyo (Fig. 1) . Ophiolite complexes occur in a narrow uplifted zone trending in an ESE-WNW direction from the Kamogawa coast of the southeastern Boso Peninsula to Kinugasa Town near Yokosuka in the Miura Peninsula. Pillow and dyke basalts are exposed throughout this zone. K-Ar age of Mineoka basalts ranges from 30 to 40Ma (TAKIGAMI et al., 1980) and Ar39-Ar40 age of similar rocks ranges from 40 to 50Ma (KANEOKA et al., 1981) . These ages show the dates of eruptions at the ocean floor. Gabbro and dolerite are exposed at several sites. Occurrence of crystalline schists (epidote-amphibolite schist and quartz schist) with Sr-Rb age of 38 Ma in Bentenjima and Byobujima Islands near the Kamogawa coast has been reported (YOSHIDA, 1974) .
Ultramafic rocks (harzburgite and dunite) are found at the crest of Mineoka Hill in Boso and at Kinugasa in Miura. Siliceous shales and cherts occur at Mineoka Hill. Umber is recognized at Mineoka Hill.
The Mineoka Group including the ophiolite complexes are overlain with unconformity by the Hota-Hayama Group comprising alternations of Miocene siltstone and sandstone intercalated by tuff. Age of collision and obduction of the Hayama-Mineoka ophiolite complexes is, therefore, presumably Miocene.
The Setogawa ophiolite belt is an N-S trending zone situated west of Shizuoka City about 100km west of Miura Peninsula (Fig. 1) 10-5 torr under a magnetic field of 4,300Oe. Figure 2 (a)-(f) shows typical thermomagnetic curves. Pillow and dyke basalts exhibit irreversible thermomagnetic curves similar to those of the oceanic basalts containing titanomagnetite subjected to low temperature oxidation pure magnetite.
Some basalts in the northern part of the Setogawa belt (sites S7-S13) show abnormal appreciably increase by cooling. This thermal behaviour suggests that the major component of ferromagnetic minerals contained in such basalts is pyrrhotite (ferromagnetic iron sulfide), although coexistence of magnetite is also recognized in the thermomagnetic curves of some of them. The results of JS, Jh/J0, Tc1, Tc2, Tch and thermomagnetic reversibility are summarized in Table 1 .
Microscopic Observation of Ferromagnetic Minerals
Polished thin sections of 129 samples were examined under reflection microscope .
( Fig. 3 (a) , (b)). Ultramafic rocks contain a lot of small magnetite along grain boundaries of olivine ( Fig. 3(c) ). It seems very likely that these magnetites were recrystallized when the rocks were serpentinized. With basalts in the northern part of the Setogawa belt a number of pyrrhotite and pyrite are recognized, while magnetite is also found in some samples ( Fig. 3 (d) ). Their appearence suggests that the rocks have been reduced probably by hydrothermal activity so as to form these sulfides.
Electro-Probe Microanalyses of Ferromagnetic Minerals
The atomic ratio Ti/Fe of opaque minerals was measured by an electron-probe microanalyzer (EPMA). Molecular fraction of ulvospinel (x) in the ulvospinel-magnetite significant correlation is recognized between the x-value and T c1; samples with larger xvalue have higher T1 (Fig. 4) . This tendency is apparently opposite to the relationship of x and Tc1 in the stoichiometric solid solution of ulvospinel-magnetite and can be explained by the higher degree of oxidation in samples with larger x-value.
The averaged x-value (0.79) of the present basalts samples except hydrothermally altered ones is substantially higher than that of unoxidized titanomagnetite contained in the oceanic basalts (0.65 after JOHNSON and HALL, 1978) . Such higher x-values have been reported in the oxidized basalts recovered in the DSDP holes (JOHNSON and HALL, 1978; KOBAYASHI et al., 1979) and attributed to bleaching of iron from titanomagnetite to form reddish stains in cavities of titanomagnetite and the surrounding silicates. If such a bleaching proceeds at low temperature, more oxidized titanomagnetite would have larger x. The result that the x-value and Tc1 of titanomagnetite contained in pillow basalts (0.84, the difference in grain sizes of titanomagnetite; the smaller the grain sizes are, the more easily oxidized titanomagnetite is.
existence of pure stoichiometric magnetite. Content of Al2O3 obtained by the EPMA is about 2.0wt% with titanomagnetite contained in pillow and dyke basalts, while that with magnetite in ultramafic rocks is 0.00. Difference in the Al2O3 content seems to indicate different petrogenetical circumstances of these two iron oxides, although the mechanism of inclusion of Al2O3 in iron oxides is still unknown.
6. Intensity of Natural Remanent Magnetization, Susceptibility and Konigsberger Ratio Intensity of NRM. Jn of pillow basalts except hydrothermally altered samples ranges rocks collected at the Hamaya-Mineoka and Setogawa belts is plotted in Fig. 5 . Konigsberger ratio, Qn=Jn/K H (H=0.45Oe) of the fresh pillow and dyke basalts is about 3.5 and 1.1, respectively. Qn of hydrothermally altered basalts is much smaller than unity, implying that Jn is substantially reduced by alteraction. Reduction of K is also recognizable but not so much as that of Jn. Ultramafic rocks have Qn ranging from 0.5 to 1.8. Figure 6 represents relationship between Jn and K of about 100 basaltic specimens taken from a 115m borehole drilled at the crerst of Mineoka Hill. The hole consists of 92m basaltic layer overlying serpentinized ultramafic rocks. Pillow structures and quenched glassy margins are recognized in a few horizons but not in other depths. The basaltic layer may be composed of a few sheets of pillow lavas underlain and intruded by dyke basalts. Grain sizes are rather variable, although petrographical features appear to be nearly the same throughout the whole basaltic columns. There seems to exist a very rough reverse correlation between K and Jn in Fig. 6 , i.e. as K is larger, Jn is smaller, although points are much scattered. It may perhaps be correlated to grain size of ferromagnetic minerals, while total amount of ferromagnetic constituent is roughly equal. In a rock containing larger grains of magnetite K is larger and Jn is relatively smaller than those in rocks containing finer particles of magnetite, if total amount of magnetite is the same.
Qn is much larger than unity with the majority of the specimens, indicating that contribution of NRM predominates effect of induced magnetization in the magnetic anomalies due to the basaltic body.
Alternating
Field Demagnetization and Stability of NRM NRM of 67 selected specimens was progressively demagnetized in alternating fields (a.f.) with peak amplitudes up to 600Oe. Figure 7 ((a)-(f) ) shows the normalized intensity of NRM as a function of increasing alternating fields. Median destructive fields (MDF) of unaltered pillow and dyke basalts range from 45 to 170Oe.
Direction of NRM of several samples are best concentrated within each site after a.f. demagnetization by 100Oe (Fig. 8) . Directions remain unchanged by a.f. demagnetization in higher fields (Fig. 9) , although directions begin to deflect in some specimens probably due to artificial noise in the process of demagnetization if the field is higher than 400Oe. Thus the optimum value of 100Oe was chosen in a.f, demagnetization of the other specimens for paleomagnetic investigation.
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NRM intensity of reversedly magnetized pillow basalts slightly increases or remains almost unchanged after demagnetization by a.f. of 50Oe (Fig. 7 (b) ), while intensity of normally magnetized pillow and dyke basalts decreases monotonously after progressive a.f. demagnetization ( Fig. 7 (a), (c) ). This difference seems to indicate that soft viscous component of NRM acquired in the present geomagnetic field is cleaned up by a.f. demagnetization of 50 to 100Oe.
Anhysteretic remanent magnetization (ARM) was produced in alternating field decreasing from the maximum peak amplitude of 800Oe to zero superposed parallelly to a 0.45Oe steady direct field. As shown in Fig. 7(a)-(c) , demagnetization curves of ARM and NRM are similar to each other with normally magnetized samples, while normalized NRM appears to be slightly more stable than ARM with reversedly magnetized samples. It is wellknown that ARM acquired in a weak biasing field has stability similar to that of thermoremanent magnetization (TRM) with respect to a.f. demagnetization. The present result shows that NRM of these samples is mostly TRM or CRM with stability similar to TRM, accompanied by a small portion of unstable viscous component.
The best evidence of paleomagnetic reliability of basalts after the low-temperature oxidation of titanomagnetite may be provided by rocks from a pair of sites (S1 and S2), which are located in close proximity to each other in the southern Setogawa belt. The averaged directions of NRM at these two sites are quite agreeable to each other (D = S2), although rocks at S1 are dyke basalts containing titanomagnetite with x=0.74 and those at S2 are pillow basalts containing titanomagnetite with x=0.84. Difference in the xvalue indicates that degree of oxidation is different. In spite of such a variety of degree of oxidation, NRM directions of both rocks are reversed and nearly equally deviated from the present geomagnetic field. It is, therefore, concluded that nearly identical NRM directions are not owing to any secondary magnetization in the present geomagnetic field but certainly record the original values of TRM, testifying that NRM directions are not affected by low-temperature oxdiation of constituent titanomagnetite.
Hydrothermally altered basalts have in general large MDF-values, in some cases amounting to as large as 600Oe. Such a large MDF in spite of the small amount of NRM intensity Jn and Qn of these samples seems to show that less stable components of NRM are demagnetized faster by the alteration process and that newly formed pyrrhotite has a highly stable NRM with respect to a.f, demagnetization. Scatter in NRM directions of altered basalts within each site and among sites seems to imply that directions of magnetization of pyrrhotite are neither parallel to that of the original NRM nor to the ambient geomagnetic field at the time of hydrothermal alteration but have been affected by other sporadic factors such as the internal magnetic field owing to the shape of cavities or heterogeneity of alteration.
MDF of ultramafic rocks amounts to 300Oe and is, on the whole, higher than that of low-temperature oxidized basalts (Fig. 7 (f) ). NRM of ultramafic rocks has stability similar to their ARM or slightly higher than that. NRM of ultramafic rocks may possibly be chemical remanent magnetization acquired at a time when fine particles of magnetite were crystallized at low temperature. Considering that directions of NRM of ultramafic rocks are mostly concentrated within each site but scattered among different sites, time of sepentinization has not been identified.
The number of gabbro samples in the present investigation was too small to infer their (e) Highly altered dyke basalt (Setogawa belt, site S11, 12, 13). (f) Ultramafic rock (Mineoka Hill, crest, M8, 11, 19) . The present investigation has demonstrated that the majority of pillow and dyke basalts of the Hayama-Mineoka and southern Setogawa Cenozoic ophiolite belts have stable NRM with intensities comparable to those of the oceanic basalts (LOWRIE, 1977; STEINER et al., 1978; KLEIN, KOBAYASHI et al., 1980; FURUTA et al., 1980; SMITH and BLEIL , 1980; HAMANO et al., 1980) . Thermomagnetic curves of most of these basalts are irreversible and characteristic of cation deficient titanomagnetite formed by lowtemperature oxidation. The initial Curie temperature Tc1 of the ophiolite basalts is generally higher than that of the oceanic basalts, indicating that degree of low-temperature oxidation is somewhat higher in the former. Tc1 together with the x-value shows that titanomagnetite in pillow basalts is more oxidized than that in dyke basalts . References: 1LOWRIE, 1977 , 2STEINER et al., 1978 , 3SMITH and BLEIL, 1980 HAMANO et al., 1980 , 4KLEIN, KOBAYASHI et al., 1980 FURUTA et al., 1980 , 5BUTLER et al., 1976 , 6VINE and MOORES, 1972 , 7LEVI and BANERJEE, 1977 , 8LEVI et al., 1978 , 9TONOUCHI et al ., 1981 , 10This paper.
Magnetic
Properties of Cenozoic Ophiolites 545 circumstances due to hydrothermal activity. The original NRM acquired at the time of solidification of basalts from magma seems to have been lost in these rocks. Magnetic properties of pillow and dyke basalts in ophiolite complexes from other localities have been reported by several investigators (VINE and MOORES, 1972; BUTLER et al., 1976; LEVI and BANERJEE, 1977; LEVI et al., 1978; TONOUCHI et al., 1981) and are summarized in Table 2 together with those of oceanic basalts. All the sheeted dikes of ophiolites in this table except from Mineoka and southern Setogawa exhibit reversible thermomagnetic curves with the Curie temperature of stoichiometric magnetite. Magnetic properties of pillows depend upon their degree of oxidation. Some of Reykjanes and Shikoku Basin basalts contain nearly unoxidized titanomagnetite. Most of DSDP basalts including those from the 100 Ma old Atlantic margin have undergone least to moderate low-temperature oxidation. Pillow lavas of the Smartville complex and lower pillows of Macquarie Island are most altered. Intensity of NRM (Jn) and Qn seem to decrease with increasing oxidation. However, degree of oxidation is not always proportional to the ages of pillow basalts. A case in the Setogawa ophiolite may imply that strong alteration of ophiolite basalts is likely to be caused by a secondary hydrothermal or thermal effect, although the age and mechanism of hydrothermal activity are unknown.
If this interpretation is correct, apparent decrease in amplitudes of linear marine magnetic anomalies in some old oceans is not due to progressive alteration of pillow basalts but more likely to be caused by intraplate magmatism as seen in the Nauru Basin, central Pacific. Serpentinized ultramafics can also be the origin of some magnetic anomalies on land and in the ocean, as both NRM and induced magnetization of serpentine are appreciably large. However, directions of NRM and induced magnetization of the serpentine samples from Hayama-Mineoka ophiolites do not a agree with those expected from the distribution of magnetic anomalies (TONOUCHI and KOBAYASHI, in press ).
Source of the longer-wavelength magnetic anomalies seems to be situated in the gabbroic layer in the deeper crust (oceanic layer 3) or peridotites in the upper mantle. Large grains of magnetite in slowly cooled gabbros may possibly hold appreciably large intensity of induced magnetization parallel to the present geomagnetic field as far as the ambient peridotite has very small amount of magnetite and its magnetization is consequently very weak. HAGGERTY (1978) has postulated possible occurrence of free Fe precipitated in ultramafic rocks under a reducing and hydrous condition in the mantle (probably under the subduction zone). However, no such free-Fe bearing rocks have so far been found in the ophiolite complexes.
